Objectives: Survival in infants with gastroschisis is increasing although little is known about early childhood morbidity. In the context of a hypothesized link between the gastrointestinal (GI) tract and immune function, this study explores rates of GI and respiratory infections in children with gastroschisis. Methods: We conducted a population-based retrospective cohort study using data from the Health Improvement Network, a large database of UK primary care medical records. We identified children born from 1990 to 2013, and extracted follow-up data to their fifth birthday. We calculate incidence rates (IR) of GI and respiratory tract infections, overall and stratified by age, sex, socioeconomic status, and gestational age at birth, and compared these between children with and without gastroschisis by calculating adjusted incidence rate ratios (aIRR). Results: Children with gastroschisis had a 65% higher IR of GI infection compared to children without (aIRR 1.65, 95% confidence interval [CI] 1.37-1.99, P < 0.001). Children with gastroschisis had a 27% higher IR of all respiratory tract infections (aIRR 1.27, 95% CI 1.12-1.44, P < 0.001) and more than 2-fold increase in lower respiratory tract infections compared to children without the condition (aIRR 2.15, 95% CI 1.69-2.74, P < 0.001). Conclusions: Children born with gastroschisis have a significantly higher incidence of GI and respiratory tract infections compared to children without gastroschisis. This association requires further investigations but could be related to the neonatal care they receive such as delayed enteral feeding or frequent antibiotic courses altering the gut microbiome and developing immune system.
(JPGN 2018;67: 580-585)
What Is Known
The short-term consequences of gastroschisis and persistence of longer-term functional gastrointestinal symptoms are well documented. The gastroschisis tract is an integral component of the developing immune system. Little is known about longer-term impacts of gastroschisis on immune function.
What Is New
In early childhood, children with gastroschisis have higher incidence rates of gastroschisis and respiratory infections recorded in primary care than children without gastroschisis. These findings persist even after adjusting for gestation at birth, sex, and socioeconomic status. G astroschisis is a congenital defect of the anterior abdominal wall with an incidence of 1 in 2500 births (1) equating to approximately 300 babies per year in the United Kingdom. Survival rates for infants with gastroschisis now exceed 95%, largely due to advances in neonatal care and surgical management (2) .
Short-term neonatal complications of gastroschisis are well documented (3) . After undergoing corrective surgery nearly all children require total parenteral nutrition, until the establishment of enteral feeds, which brings attendant risks of catheter-related sepsis (4) . These infants can remain in the neonatal unit for many weeks or months and often require multiple courses of antibiotics (5) , potentially altering their gut microbial flora and long-term immune function (6) .
Long-term outcomes in children with gastroschisis have focused on recurring abdominal pain or functional gastrointestinal (GI) symptoms, such as indigestion, chronic diarrhea, and constipation (7) (8) (9) (10) (11) (12) (13) . The majority of these studies are, however, small, based on single centers, and many have pooled children born with gastroschisis with children born with omphalocele, despite their different embryological origins and clinical courses (7, (10) (11) (12) (13) .
Here we report results from a UK population-based cohort study comparing the incidence of recorded common childhood GI and respiratory infections in children with and without gastroschisis, from the point of registration with a general practitioner (GP) to their fifth birthday.
METHODS

Dataset and Study Population
Data were derived from The Health Improvement Network (THIN) database of anonymized patient primary care records from UK general practices (14) . We used the version of THIN comprising data to January 2013 and including 11,764,660 patient records collected from 570 UK practices. The THIN database is representative of the UK population in terms of patient age and sex, although slightly overrepresents patients from less socioeconomically deprived areas (15) .
All children in THIN who were born between January 1990 and January 2013 and registered with a GP within the first 6 months after birth were included in the study. Children with any major congenital anomaly (based on the European Surveillance of Congenital Anomalies definition (16)) other than gastroschisis were excluded. Children were followed up from the date they were registered with the GP until the day before their fifth birthday, or the date they died, transferred to another practice, or the date of last data collection.
Definitions of Exposure and Outcomes
We used Read codes (17) (available on request) recorded in THIN to identify individuals with gastroschisis and the outcomes of interest. The exposed group was defined as children with gastroschisis and the nonexposed group comprised all other children.
In line with previously published work (18), our primary outcomes were episodes of GI infection and respiratory tract infection (RTI) diagnosed by a GP. Children were defined as having a GI infection if they had at least 1 clinical diagnosis of a relevant infection (eg, infectious colitis or gastroenteritis) or an infectionrelated symptom (eg, vomiting or diarrhea) recorded in their primary care records during the follow-up period. Symptom codes were included, in line with other work (19) , as most cases of GI infection which present to a GP will not be confirmed by laboratory testing. The 15th day after the initial diagnosis of an infection was defined as the date of recovery. If a subsequent diagnosis was recorded before the recovery date, this was considered to be part of the same infection episode and the recovery date was extended to the 8th day after this recording (only if later than the original recovery date), to ensure each episode lasted at least 14 days. Any additional recordings before the recovery date were treated similarly. Recordings after the date of recovery were treated as a new episode of illness. Similar procedures were used to identify and classify episodes of RTI if children had at least 1 recorded clinical diagnosis of RTI (eg, common cold, tonsillitis, bronchitis) or an infection-related symptom (eg, sore throat).
Other Covariables
Where available, data were also extracted on covariables which were potentially associated with changes in infection rates. These included sex, socioeconomic status measured using Townsend quintile of deprivation, and gestational age at birth (classified as <32, 32-36, and 37þ completed weeks). Children's follow-up time was split into 5 age groups: 0 to 1, 1 to 2, 2 to 3, 3 to 4, and 4 to 5 years.
Data Analysis
All data management and analyses were carried out using STATA v14 (Stata Corp, College Station, TX). The characteristics of children with and without gastroschisis were described, including sex, Townsend quintile of deprivation, gestational age at birth, age of child at start of follow-up, and length of follow-up. Univariate analyses (chi-squared test, t test, or Wilcoxon rank sum test, as appropriate) were carried out to identify significant differences in the characteristics between children with and without gastroschisis. Missing data for Townsend quintile of deprivation and gestational age at birth were included in separate categories.
The number of episodes of GI and respiratory infection and the absolute rate per 10 person years with 95% confidence intervals (95% CIs) were calculated, both overall and separately for each covariable for both children with and without gastroschisis. Absolute rate differences with 95% CIs comparing children with and without gastroschisis were calculated. Incidence rate ratios (IRRs) were calculated overall and separately for each covariable using negative binomial regression with a logarithmic link function (as the assumptions of the Poisson distribution were not met, based on the Pearson goodness-of-fit statistic) with adjustment for covariables.
Sensitivity Analysis
We conducted 2 sensitivity analyses to minimize ascertainment bias and assess whether the incidence of more severe infection differed between groups. Symptomatic Read codes were included in the case definitions of GI infection described above, as GPs may use such codes alongside specific diagnostic codes for childhood infections in their routine practice. This approach could, however, result in the inclusion of some noninfectious conditions. Therefore, we examined only the recording of specific GI infections, excluding symptomatic codes. We also examined the occurrence of lower respiratory tract infections (LRTIs), that is, influenza, pneumonia, bronchitis, or bronchiolitis, excluding upper RTIs and symptom codes. The incidence rates of specific GI infection and LRTI were calculated and compared between children with and without gastroschisis.
Our primary analyses used data from all children born from January 1990 onwards who registered with a GP within 6 months of birth. This is, however, likely to have introduced some selection bias as sicker children who did not survive to discharge were excluded, a particular problem in the early years of the study period when mortality rates from gastroschisis were higher. To address this bias we conducted a sensitivity analysis calculating adjusted IRRs for all GI and respiratory infections in a subset of children born from January 2000 only.
Ethical Approval
The providers of the THIN data received ethical approval for the collection of data from GP practices from the South East Multicentre Research Ethics Committee. Individual studies using THIN data do not require further separate ethical approval if only anonymized THIN data are used. The protocol for this project was approved by the THIN Scientific Review Committee (reference 15THIN066).
RESULTS
The study cohort consisted of 942,810 children who met the inclusion criteria, 212 with gastroschisis and 942,598 without (an incidence of 0.56 cases per 2500 children included). The median duration of follow-up in the dataset was 4.8 years (interquartile range 2.0-4.9 years) and 52.9% of children had data to the age of 5. There were no significant differences between the sexes of the children in the 2 groups, although children with gastroschisis were more likely to be from more deprived areas and to have been born prematurely (Table 1 ).
Gastrointestinal Infections
The overall incidence rate of GI infection per 10 person years (hereafter referred to as incidence rate) in children born with gastroschisis was 2.64 per 10 person years (95% CI 2.27-3.06), higher than the rate of 1.61 (95% CI 1.61-1.62) in children without gastroschisis ( Table 2 ). The unadjusted IRR was marginally attenuated after adjustment for age, sex, socioeconomic status, and gestational age at birth (adjusted IRR 1.65, 95% CI 1.37-1.99, P < 0.001). GI infection rates were generally higher in children born with gastroschisis compared to children without across all categories of covariables (Table 2 ).
Respiratory Infections
The overall incidence rate of RTI in children born with gastroschisis was 7.94 (95% CI 7.28-8.67), higher than the rate of 6.11 (95% CI 6.10-6.12) observed in children born without gastroschisis ( Table 3 ). The unadjusted rate ratio was only marginally attenuated after adjustment for age, sex, socioeconomic status, and gestational age at birth (adjusted IRR 1.27, 95% CI 1.12-1.44, P < 0.001).
After adjusting for other variables, incidence rates increased in children with gastroschisis of both sexes and in all age groups (although only reached statistical significance in the 1-2 years age group). Rates were also higher in children with gastroschisis than children without gastroschisis in all deprivation groups (Table 3) . Comparison of incidence by gestational age was limited by the small number of infection episodes in children born at <32 completed weeks' gestation, although for children born at term there was some evidence of an increased rate of RTI in children with gastroschisis compared to those without, although the effect estimate was marginally nonsignificant.
Sensitivity Analyses
After excluding GI infections identified using symptomatic Read codes, there were few episodes of GI infection in children born with gastroschisis (11 events), which precluded assessment of rates by subgroup. The overall adjusted IRR of GI infection was not statistically significant (adjusted IRR 0.69, 95% CI 0.38-1.25,
Overall the number of LRTI episodes was lower than RTI episodes ( Table 4 ). The rate of LRTI was higher in children with gastroschisis than children without and the adjusted IRR was 2.15 (95% CI 1.69-2.74, P < 0.001), which was higher than that for RTI. The pattern in the IRRs across categories of age, sex, socioeconomic status, and gestational age at birth were broadly similar for LRTIs compared to RTIs, although generally the magnitude of the effect estimates was higher ( Table 4) .
The incidence of gastroschisis in the subset of children born from January 2000 onwards was 0.71 cases per 2500 registered children. Overall adjusted IRRs for the primary outcomes were similar in the subset of children born from 2000 onwards compared to the full dataset (adjusted IRR for GI infection 1.46, 95% CI 1.19-1.78, P < 0.001; adjusted IRR for RTI 1.23, 95% CI 1.08-1.40, P ¼ 0.002).
DISCUSSION
To our knowledge, this is the largest population-based cohort study of children with gastroschisis. We identify significantly higher incidence rates of GI and respiratory infections in children born with gastroschisis, compared to children without, over the first 5 years of life after hospital discharge after birth. Particularly, we found a 2-fold increased incidence rate of LRTIs in children with gastroschisis, as diagnosed by their GP, compared to children without, after adjusting for age, sex, socioeconomic status, and gestational age at birth.
Previous studies have noted a relatively high number of babies with gastroschisis admitted to neonatal intensive care units developed viral RTIs (20, 21) . None of these studies have, however, been able to examine the risk of common infections after children are discharged from the hospital. Our findings from this exploratory study support the hypothesis that children with gastroschisis may have a dysfunctional immune system and so be more likely to develop GI and respiratory infections in early life.
The GI tract is an integral component of the immune system (22) . In gastroschisis, however, GI tract development is altered both pre-and postnatally. The gut flora plays an important part in immune function (23) and there is a bidirectional relationship between GI motility and microbiota (24) . The colonization of the GI tract in infants born with gastroschisis may be affected by delay in establishing enteral feeds and administration of antibiotics to prevent and treat sepsis, which may also affect the healthy balance of bacteria (6, 25, 26) . Infants with gastroschisis may also have dysmotility, which has also been found to lead to overgrowth of bacteria in short bowel (24) . Alterations to the gut flora may have long-term immunological consequences. Indeed, as well as reports of increased susceptibility to viral RTI (20, 21) , gastroschisis is associated with immune dysfunction including cow's milk protein allergy (27) , hypogammaglobulinemia (28) , and secondary nonsevere combined immunodeficiency (SCID) T-cell lymphopenia (29) . Our findings persist after adjustment for gestational age at birth, suggesting an association independent of the effect of the reduced immune function, which has been shown to persist in preterm children in later life (30) . Similarly, our results also remain after adjustment for socioeconomic status, a variable which helps to account for any differences in healthcare seeking behavior related to parental affluence.
A key strength of this work is the relatively large number of children with gastroschisis studied. Compared to the use of bespoke surveys, primary care data afford the opportunity to follow-up substantial numbers of children with rare conditions with relative ease. In addition, the data were nationally representative with a similar age and sex distribution to the general population in the United Kingdom (15) . The use of data recorded during the course of routine primary care practice reduces the potential for recall bias, a limitation of some previous studies (8, 9) . The large dataset also enabled analyses to be stratified by and adjusted for sociodemographic characteristics and gestational age at birth. Power was, however, limited in some subgroups, and by the absence of data on other important potential confounders such as birth weight and exposure to tobacco smoke during gestation and childhood which are incompletely recorded in THIN.
We identified children with gastroschisis based on clinical diagnosis recorded in primary care. The incidence of gastroschisis recorded in THIN, using a denominator of children registered with a GP was, however, lower than the incidence among live births suggested by recent national registry data (1). The present study only includes children who survived to discharge from hospital. With both the increase in incidence and better survival rates in recent years (5), it is probable the lower incidence in this study is a reflection of this. Indeed, our study data show increases in incidence from approximately the year 2000 onwards; the CI for the incidence rate spans the value of 1 per 2500 included children for 9 of the years from 2000 onwards, compared to none beforehand. Our sensitivity analysis showed similar IRRs for GI and respiratory infection in the subset of children born from 2000 onwards compared to the full dataset, suggesting a minimal impact of selection bias on our primary results. The THIN database does marginally underrepresent more deprived areas of the United Kingdom (15) , and as gastroschisis is associated with deprivation it may therefore miss some cases.
Our definitions of episodes of infection were necessarily broad, based on recorded diagnostic and symptom codes by the child's GP. With the data available to us it was not possible to identify, for example, GI upset due to underlying disease (such as a persistent ileus) as opposed to infection. Less severe infections may not be recorded in primary care if a parent feels they do not warrant consultation with a GP, and conversely, more severe infections treated directly in hospital may also not be fully transcribed into GP records. A GP's propensity to investigate a potential infection further, perhaps requesting microbiology tests, may be influenced by the presence of any underlying health conditions in a child, although this ascertainment bias may not apply with more severe infections. Our sensitivity analysis demonstrated increased LRTI rates in children with gastroschisis compared to children without gastroschisis, which helps to exclude the possibility of ascertainment bias affecting the primary analysis. In addition, based on our algorithm a child with gastroschisis reporting bowel dysfunction such as chronic diarrhea may have been miscoded as having GI infection which could result in a higher recorded rate of GI infection in our study. Although this may also occur in the nongastroschisis group, the misclassification is likely to be differential as studies have consistently identified GI tract dysfunction as an issue in gastroschisis (8, 9, 31) . Our sensitivity analysis excluding recordings of GI symptoms found a decreased GI infection rate in children with gastroschisis compared to children without. This result was, however, not statistically significant and was based on only 11 infection episodes in children with gastroschisis; we therefore cannot rule out the potential for elevated GI infection rates in children with gastroschisis.
Future work could usefully consider differences between groups in treatment for infections, such as antibiotic prescribing, or investigate hospital admissions using linked secondary care data. This would help identify the most severe infections, but would exclude less severe, but more common, infections in which a GP may recommend supportive care only. In addition, further work would be helpful to explore the impact of other potential confounders and effect modifiers, particularly where good quality data are only available from linked secondary care records; this could include the effects of maternal age and parity, more complete data on gestational age, birth weight, presence of other congenital anomalies, complexity of gastroschisis, and frequency of consultation with a GP. The absolute difference in the incidence of infection between children with and without gastroschisis is relatively small. Understanding the later outcomes of gastroschisis is, however, important to the growing number of survivors and their caregivers, and longerterm follow-up to assess whether increased infection rates persist would be useful. The results of this study could help to inform further research and prevention strategies and to ensure appropriate preventive and management advice is given to reduce the burden of infection. For example, if there is indeed an immune component at play, promotion of smoking cessation, improving breast-feeding rates, and early use of probiotics (32) may be beneficial to provide extraimmune protection or a more natural gut microbiota and potentially reduce infection incidence in children with gastroschisis.
